The first absolute photoion-pair cross sections have been derived from measurements of the absolute photoabsorption cross section and the photoionpair quantum efficiency. The results for CH 3 Cl, CH 3 Br and CF 2 Cl 2 show that direct transitions into ion-pair states play a significant role. In each molecule, the structure in the photoion-pair spectrum is different to that in the photoabsorption spectrum and often does not resemble the strong bands, due to Rydberg transitions, prominent in the latter spectra. At photon energies associated with excitations into Rydberg states, and consequently with peaks in absorption, the photoion-pair quantum efficiency usually exhibits a local minimum. This indicates that the Rydberg state decays preferentially by predissociation into a state yielding neutral fragments rather than by predissociation into a state evolving into ion pairs.
Introduction
Photoion-pair production, where the absorption of a photon by a molecule leads to the creation of a positive-ion-negative-ion pair, was first observed by Terenin and Popov in 1932 [1] . In that study, monochromated ultraviolet radiation was used to excite the thallium halides: TlX + hν → Tl + + X -(where X = Cl, Br or I) and the positive or negative ion fragment yields were recorded. As the halogen atoms possess high electron affinities, photoion-pair formation in these molecules occurs below the molecular adiabatic ionization energy. Therefore, the photoion-pair production could be studied without interference from contributions due to other photoexcitation processes. Since that original investigation, ion-pair formation has been detected in over 50 molecules and recent reviews on the topic have been published [2, 3] .
Although ion-pair production has been established as a significant process, following valence electron excitation in certain molecules, remarkably little is understood about the underlying reaction dynamics or formation mechanisms. Interpretations of experimental data have relied heavily on spectroscopic evidence, particularly comparisons between the structure appearing in the fragment ion yields and that occurring in the photoabsorption spectrum. Potential energy curves relevant to ion-pair formation either through a direct transition or via a Rydberg state. Potential energy curves X and X + correspond to the ground molecular and ionic states, respectively, and R corresponds to a Rydberg state belonging to a series converging onto X + state. Potential energy curves N and V correspond to states which dissociate into neutral fragments or ion pairs, respectively.
Much of the discussion regarding ion-pair formation centres upon the joint issues of whether the dominant production mechanism involves excitation into a Rydberg state followed by predissociation into an ion-pair state or whether direct transitions into an ion-pair state play a significant role. The aim of the present work is to quantify the competition between predissociation into an ion-pair state and predissociation into a state yielding neutral fragments, in the decay of an excited state. Evidence highlighting the contribution from direct transitions will also be given.
The energetic threshold E A + ,B − for splitting a molecule, AB, into ion pairs A + and B − (where A and B represent atoms or groups of atoms) may be written as
where D 0 (AB + ) is the dissociation energy of AB + , IE(AB) is the ionization energy of AB and EA(B) is the electron affinity of B. Therefore, the threshold for ion-pair formation lies below that for molecular ionization if EA(B) > D 0 (AB + ). This condition holds for each of the three molecules (CH 3 Cl, CH 3 Br and CF 2 Cl 2 ) studied in the present investigation.
Potential energy curves for states relevant to ion-pair production, based upon those discussed by Lefebvre-Brion and Keller [4] , Yencha et al [5] and Lawley and Donovan [6] , are shown schematically in figure 1. The curves labelled X and X + correspond to the ground molecular and ionic states, respectively, and R corresponds to a Rydberg state belonging to a series converging onto the X + state. Curves N and V correspond to states which dissociate into neutral fragments and ion pairs, respectively. The states have been drawn such that the potential energy curve for V crosses that for the Rydberg state near the inner turning point whilst the potential energy curve for N crosses at larger internuclear separation. Consequently, excitation into the Rydberg state followed by predissociation may lead to the formation of either neutral fragments or ion pairs. The relative intensities of these two decay routes will depend upon the strength of the coupling between the N and R states compared to that between the V and R states. Note also that the curves have been drawn such that Franck-Condon transitions from the ground state could access the repulsive inner wall of V, yielding a continuum of ion pairs.
In some, but certainly not all, previous studies of photoion-pair formation in small molecules, an approximate correlation has been found between structure occurring in the ion-pair spectrum and structure, ascribed to autoionizing Rydberg states, appearing in the corresponding photoabsorption spectrum. Furthermore, often only a weak continuum ionpair signal appeared between the resonant features. These experimental observations led to the proposal that the dominant mechanism for ion-pair production is predissociation of Rydberg states by states that correlate at large internuclear separations with ion pairs. The probability of ion-pair formation through direct transitions is assumed to be low. In support of such interpretations, the measured onset of ion-pair production in some molecules has been found to coincide with the thermochemical threshold whereas a formation mechanism dependent upon direct transitions might be expected to exhibit an onset significantly above the thermochemical threshold due to unfavourable Franck-Condon factors.
In the present work, a double ion chamber [7] has been combined with monochromated synchrotron radiation to measure the absolute photoabsorption cross section (σ a ) and the photoion-pair quantum efficiency (η). We define η as the probability that the absorption of a photon by a molecule leads to the creation of an ion pair. Thus, this definition is analogous to that for the photoionization quantum efficiency (γ ) which is the probability that the absorption of a photon leads to the creation of an ion [7, 8] . The absolute photoion-pair cross section (σ ip ) is given by σ ip = ησ a . As the present measurements were carried out at photon energies less than the ionization energy, the excited molecules may decay by the formation of ion pairs, the production of neutral fragments or fluorescence. Lee and Suto [9] have investigated the fluorescence de-excitation channel in CH 3 Cl. Their experiments showed that in the energy range relevant to the present work the fluorescence quantum yield was very small, having an upper limit of 0.02%. Similar measurements have not been performed on CH 3 Br or CF 2 Cl 2 . Nevertheless, it appears reasonable to assume that the probability of decay by fluorescence in these neutral molecules is always low compared with that of forming neutral fragments. Therefore, we ignore the fluorescence channel in the following discussion and assume that the excited molecule may decay only through the production of ion pairs or neutral fragments. Under these circumstances, the absolute photodissociation cross section (σ d ) leading to neutral fragments is given, approximately, by (1 − η)σ a . Measurement of σ a and η allows the excitation and decay processes to be studied in a quantitative manner. In particular, the competition between decay by predissociation into ion pairs and decay by predissociation into neutral fragments, following resonant excitation into a Rydberg state, can be examined.
Experimental apparatus and procedure
The absolute photoabsorption cross sections and the photoion-pair quantum efficiencies of CH 3 Cl, CH 3 Br and CF 2 Cl 2 , in the energy region between the ion-pair and the photoionization thresholds, were measured with a double ion chamber [7] attached to a 5 m normal incidence monochromator [10] at the Daresbury Laboratory synchrotron radiation source. The manner in which this arrangement has been used previously to determine molecular photoionization quantum efficiencies has been described in detail [7] . As the procedure to measure photoionpair quantum efficiencies is identical, only a brief description will be given.
The double ion chamber incorporates a set of plates, two of which were used to collect the positively charged photoions. At the rear of the chamber, the transmitted monochromatic radiation struck a sodium salicylate screen and the resulting fluorescence was detected with a photomultiplier. The first step in the procedure to derive the absolute photoion-pair cross sections involved determining the absolute photon intensity from the ion plate currents and calibrating the photomultiplier signal [7] . This was achieved by filling the chamber with nitric oxide and scanning the monochromator over the photon energy range defined by the ion-pair and the photoionization thresholds. At each energy increment, two electrometer currents, and readings proportional to the photomultiplier signal, the gas pressure and the electron current in the storage ring were recorded. The ionization threshold of nitric oxide, 9.26 eV, is lower than the ion-pair threshold in CH 3 Cl, CH 3 Br or CF 2 Cl 2 . Over the selected energy ranges, and with the chamber filled with nitric oxide, the ions generated were due to photoionization because the threshold for photoion-pair formation in NO is 19.56 eV [2] . As the photoionization quantum efficiency of nitric oxide is known [11] , this procedure allowed the absolute incident photon intensity to be deduced [7] . The monochromator scan was then repeated with the chamber filled with CH 3 Cl, CH 3 Br or CF 2 Cl 2 . In this case, over the photon energy range encompassed in the present study, the ions were formed through ionpair production. The absolute photoabsorption cross sections and the photoion-pair quantum efficiencies were thereby measured, thus allowing σ ip to be deduced. Spectra were recorded using gas pressures between ∼8 and 20 µbar, and the results showed that neither the absolute value of the cross section nor the quantum efficiency depended upon the pressure.
Alternatively, the absolute photoabsorption cross section could be measured by treating the double ion chamber as a gas column and applying the Beer-Lambert law [12] . The absolute photoabsorption cross sections obtained in this way were identical to those recorded using the ion currents. However, as they were not restricted to the energy range over which ion-pair formation occurs and were of better quality, the cross sections obtained through the Beer-Lambert law are preferred in the following discussion of the ion-pair formation mechanisms.
A lithium fluoride window was inserted between the monochromator exit slit and the entrance to the double ion chamber to eliminate higher order radiation. The spectra were recorded using wavelength resolutions of 0.1 nm (FWHM) for CH 3 Cl and 0.2 nm (FWHM) for CH 3 Br and CF 2 Cl 2 . At a photon energy of 10 eV, a resolution of 0.1 nm corresponds to ∼8 meV.
Results and discussion

Chloromethane
The outer valence shell electronic configuration of chloromethane (C 3v symmetry) in the ground state can be written as
and vertical ionization energies of 11.289 and 11.316 eV have been determined for the spinorbit split (2e) −1X 2 E 3/2 and 2 E 1/2 components, respectively, from He I excited photoelectron spectra [13] . The outermost photoelectron band displays intense features associated with the adiabatic transitions and short weak progressions due to accompanying vibrational excitations. Figure 2 shows the absolute photoabsorption cross section, the photoion-pair quantum efficiency and the absolute photoion-pair cross section of CH 3 Cl. The overall appearance of the photoabsorption spectrum is similar to those reported in previous studies using photon [9, [14] [15] [16] [17] [18] and high-energy electron impact [19] methods. However, the absolute [17, 18] .
values are at least a factor of 2 larger than those obtained in the most recent photoabsorption study [15, 16] , although in excellent agreement with the results of Lee and Suto [9] and Olney et al [19] . All the structure in the photoabsorption spectrum (figure 2(a)) has been observed previously and ascribed to Rydberg states belonging to series converging onto thẽ X 2 E 3/2 or 2 E 1/2 limits [17, 18] . Only the principal features are labelled in figure 2(a) . The accompanying vibrational excitations, which are responsible for the weaker structure, have been discussed by Locht et al [17, 18] .
The magnitude of the absolute photoion-pair cross section (figure 2(c)) is significantly smaller than that of the photoabsorption cross section. For example, at 11 eV, which does not coincide with any particularly strong feature, σ a ∼ 50 Mb and η ∼ 0.005, resulting in σ ip ∼ 0.23 Mb. Thus, the ion-pair contribution is small even under these relatively favourable conditions, namely, where the threshold for ion-pair formation occurs below that for photoionization, and in an energy region where autoionization does not compete in the decay of the Rydberg state.
Photoion-pair production in CH 3 Cl has been investigated previously through detection of the CH 3 + [20] [21] [22] or Cl − [20, 21, 23] fragments. The present ion-pair spectrum is of better quality than the earlier relative ion yields and reveals additional structure. The most reliable value of the threshold for ion-pair formation can be derived from the initial rise in the photoion-pair quantum efficiency. For CH 3 Br and CF 2 Cl 2 , this onset is abrupt. However, for CH 3 Cl a more gradual rise occurs. From our experimental data, an upper limit for the ion-pair threshold in CH 3 Cl is 9.99 eV. This value lies slightly above the estimated thermochemical threshold of 9.775 eV [2], but below previous experimental results.
An inspection of figure 2 reveals that peaks in the ion-pair cross section do not correlate strongly with those in the photoabsorption cross section. Indeed, an anticorrelation is more often apparent. This behaviour is demonstrated most clearly through structure occurring in the photoion-pair quantum efficiency. A comparison between η and σ a shows that peaks in the absorption spectrum nearly always coincide with dips in the quantum efficiency. Thus, excitation into Rydberg states belonging to series converging onto theX 2 E thresholds leads to a reduction in the probability of forming ion pairs, contrary to the widely held view that excitation into such states enhances ion-pair production. For example, the two prominent peaks at 10.109 and 10.197 eV, associated with the 2e → 4pa and 2e → 4pa transitions, correlate with local minima in η, and hence also minima in σ ip . Evidently, the features in the photoabsorption spectrum do not resemble those in the ion-pair spectrum.
As the resonant structure in the ion-pair cross section is superimposed upon a nonnegligible continuum, whose intensity increases as the excitation energy increases, it seems that direct excitation from the molecular ground state into one or more ion-pair states is occurring. Such a population would result in a continuum, dependent upon the FranckCondon overlap. If a Rydberg state is formed through a resonant transition, then this state may decay either by predissociating into a state yielding neutral fragments or by predissociating into a state evolving into ion pairs. The results for CH 3 Cl show that the coupling between the Rydberg state and the state yielding neutral fragments is stronger than that between the Rydberg state and the state evolving into ion pairs. This behaviour is similar to that often observed in the competition between decay by autoionization and decay by predissociation into neutral fragments from a molecular super-excited state. We have measured the photoionization quantum efficiencies for valence electron excitation in many molecules ( [8] and references therein), with a particular emphasis on resonant processes, and in the vast majority of cases a peak in the photoabsorption cross section correlates with a dip in the photoionization quantum efficiency, thus demonstrating that decay from a Rydberg state enhances the production of neutral fragments.
To the best of our knowledge, the only molecule for which relevant theoretical studies have been performed to calculate the effect of resonant excitation on valence shell photoabsorption, photoionization and ion-pair cross sections is HCl [4, 5, 24] . For this molecule, the structure appearing in the experimental photoionization [24] [25] [26] , photodissociation [24, 25] and photoion-pair [5] spectra, in the photon energy range between the X 2 and the A 2 + ionization thresholds, does not resemble that in the photoabsorption spectrum [24] . In particular, the peaks observed in the photoionization spectrum do not correlate strongly with those in the photodissociation spectrum. The calculations revealed that this dissimilarity arises because the super-excited states (of 1 symmetry) which are principally responsible for autoionization are not the same as those (of 1 + symmetry) important to predissociation [4, 24] . Regarding ion-pair formation in HCl, the theoretical studies [5] show that several 1 + Rydberg states, belonging to series converging onto the A 2 limit, are electrostatically coupled to the V 1 + ion-pair state, leading to dissociation. Specifically, the potential energy curve for the (5sσ ) 1 + state, represented by R in figure 1 , is crossed both by that (curve V) corresponding to the V 1 + ion-pair state and that (curve N) associated with the 3 0 state leading to dissociation into neutral fragments. Thus, population of the (5sσ ) 1 + , and similar, Rydberg states may result in either ion pairs or neutral fragments.
It appears that the data for CH 3 Cl may be interpreted in a manner broadly similar to that predicted for HCl. In the energy region below the ionization threshold, direct transitions to the repulsive inner wall of the ion-pair state account for the underlying continuum intensity of charged fragments. Rydberg states belonging to series converging onto theX 2 E 3/2 , 2 E 1/2 limits may be predissociated by states leading to either neutral fragments or ion pairs. At excitation energies correlating with transitions into Rydberg states, the photoion-pair quantum efficiency exhibits a local minimum. This indicates that the probability of the Rydberg state decaying by predissociation into neutrals is higher than the probability of forming neutrals through direct transitions.
Bromomethane
If the bromine and carbon inner shell orbitals are neglected, then the electronic configuration already given for CH 3 Cl may be applied to CH 3 Br. Adiabatic ionization energies of 10.543 and 10.862 eV have been measured for theX 2 E 3/2 and 2 E 1/2 states, respectively, using photoelectron spectroscopy [13] . All the structure in the present absolute photoabsorption cross section ( figure 3(a) ), covering the photon energy range ∼9.3-10.5 eV, can be ascribed to Rydberg series converging onto one or other of these limits. The assignments of these bands have been discussed in detail previously [15, [27] [28] [29] [30] , and only the most prominent peaks have been labelled in figure 3 . Although the observed features are similar to those reported earlier, the absolute values of the photoabsorption cross sections are considerably higher than those given by Locht et al [29, 30] but in excellent agreement with Olney et al [28] . The present transition energies are in accord with those obtained by Hochmann et al [15] .
In the experimental and theoretical studies of ion-pair formation in HCl [5] , investigations were also undertaken to search for ion-pair production in HBr and HI. However, no signal was observed, thereby confirming the much earlier negative results for HI and CH 3 I reported by Morrison et al [31] . Yencha et al [5] attributed this outcome to two factors. The first is that the electrostatic interaction between the Rydberg and ion-pair states is weaker for heavier molecules, and therefore dissociation into ion pairs becomes less favourable. The second factor concerns the spin-orbit interaction responsible for dissociation into neutral fragments, which becomes larger for heavier molecules. Assuming that similar considerations apply to CH 3 Cl and CH 3 Br, it is of interest to compare the magnitude of the photoion-pair cross section in CH 3 Cl with that in CH 3 Br. Figures 2(c) and 3(c) show that the change in values for the halomethanes is in qualitative accord with the predicted behaviour.
The photoion-pair spectrum of CH 3 Br exhibits extensive structure but in the energy region from threshold to 9.95 eV there is little correlation between peaks in σ ip and peaks in σ a . At higher energies, several of the prominent features in the photoion-pair spectrum correlate with peaks, ascribed to the 2e → nsa 1 transitions, in the photoabsorption spectrum. However, inspection of the photoion-pair quantum efficiency ( figure 3(b) ) shows that η passes through a local minimum at photon energies coinciding with these Rydberg excitations. Therefore, the appearance of a peak in σ ip is due to the significant increase in σ a , rather than that the Rydberg state decays preferentially by predissociation into ion pairs. Indeed, the opposite behaviour usually occurs.
As with CH 3 Cl, the photoion-pair quantum efficiency of CH 3 Br generally exhibits a local minimum in the vicinity of a peak in absorption. For example, the prominent feature at 9.671 eV, ascribed to the 2e → 7sa 1 transition, correlates with a minimum in η, thereby [29, 30] .
illustrating that this Rydberg state decays preferentially by predissociation into a state leading to neutral fragments rather than by predissociation into an ion-pair state. Figure 4 shows the photoabsorption cross section and the photoion-pair quantum efficiency overlapped, to display this correlation more readily.
The photoion-pair quantum efficiency of CH 3 Br is smaller than that of CH 3 Cl and reaches a value of only ∼0.002 at 10.2 eV. A distinct onset, attributable to the ion-pair threshold, is discernible at 9.42 eV. Previous experimental studies have reported values of 10.7 [32] , 9.60 [33] , 9.48-9.55 [2] and <10.2 eV [28] , with the estimated thermochemical threshold being 9.485 eV [2] . The present ion-pair spectrum is in reasonable agreement with the relative ion-pair yield recorded by Berkowitz [2] but displays significantly enhanced structure. It is noticeable that the ion-pair threshold does not coincide with an intense peak in the photoabsorption spectrum. Rather, it lies on the high-energy side of the feature assigned to the 2e → 4pa 1 transition at 9.417 eV. Thus, it appears that, at threshold, ion pairs are formed primarily through direct transitions into the ion-pair state rather than by predissociation following excitation into a Rydberg state. 
Dichlorodifluoromethane
In the independent particle model, the outer valence shell electronic configuration of dichlorodifluoromethane (C 2v symmetry) in the ground state can be written as [34] 
He I and He II excited photoelectron spectra [35, 36] [35] .
The absolute photoabsorption cross section, the photoion-pair quantum efficiency and the absolute photoion-pair cross section, in the energy range 10.4-11.8 eV, are shown in figure 5 . The photoabsorption cross section has been measured previously [34, 37, 38] and the present values agree well with those of Au et al [34] . All of the resonant structure in the photoabsorption spectrum has been attributed to excitations into Rydberg states. The assignments of the principal features have been taken from [37] and are included in figure 5 . In some cases, these assignments do not match those proposed by Seccombe et al [38] but the differences are not relevant to the present work.
The photoion-pair quantum efficiency of CF 2 Cl 2 displays a distinct onset at 10.51 eV, which we associate with the threshold for the ion-pair formation CF 2 Cl 2 + hν → CF 2 Cl + + Cl − . The thermochemical threshold for this process has been estimated as ∼8.06 eV [2], and Schenk et al [39] have previously measured an onset at 10.60 eV. The threshold for the alternative ion-pair process CF 2 Cl 2 + hν → CFCl 2 + F − occurs at 12.07 eV [39] . As has already been discussed in relation to CH 3 Cl and CH 3 Br, the data for CF 2 Cl 2 indicate that peaks in σ a do not correlate with peaks in η. Between 10.3 and 11.0 eV, the photoabsorption spectrum of CF 2 Cl 2 exhibits two broad asymmetric features. The first, with a maximum at 10.47 eV, has been ascribed to the 4b 2 → 3d and 2a 2 → 4p transitions [37] . The second contains at least three components, with those at 10.81 and 10.87 eV being associated with the 6a 1 → 4p and 4b 1 → 3d transitions, respectively [37] . Significantly, apart from these rather broad features, the photoabsorption spectrum varies fairly smoothly as a function of energy between 10.5 and 10.8 eV. However, the photoion-pair quantum efficiency, and therefore the photoion-pair cross section, displays weak but reproducible structure in this energy region. Specifically, two peaks are discernible at 10.58 and 10.66 eV. The spacing (80 meV) between these peaks corresponds to that observed in theB 2 A 2 state photoelectron band for the ν + 2 (a 1 ) mode. As theB 2 A 2 state photoelectron band arises through ionization of the 2a 2 orbital, the vibrational structure in the ion-pair spectrum seems to be in accord with the suggestion that the 2a 2 → 4p transition contributes to the absorption band at 10.5 eV. We suggest that this Rydberg state couples strongly to an ion-pair state and that the interaction results in vibrational structure appearing in the photoion-pair spectrum even though none is apparent in the photoabsorption spectrum.
Summary
Absolute photoion-pair cross sections and photoion-pair quantum efficiencies have been measured for the first time and the results for CH 3 Cl, CH 3 Br and CF 2 Cl 2 suggest that direct transitions into ion-pair states play a significant role. Photoabsorption cross sections have also been determined, and the data show that peaks in the photoion-pair spectrum do not correlate strongly with those in the photoabsorption spectrum. These observations have been discussed in relation to previous theoretical predictions [4, 5, 24] of the photoabsorption, photodissociation and photoion-pair cross sections in HCl. At an energy corresponding to excitation into a Rydberg state, and therefore to a peak in absorption, the results for CH 3 Cl, CH 3 Br and CF 2 Cl 2 show that the photoion-pair quantum efficiency usually passes through a local minimum. This indicates that the dominant decay mechanism for the Rydberg state is predissociation into a state yielding neutral fragments. The photoion-pair cross section of CF 2 Cl 2 exhibits vibrational structure in a region where none is apparent in the corresponding photoabsorption spectrum.
